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a b s t r a c t
The purpose of this study was to explore the feasibility of sawdust biochar loaded with zero-va-
lent iron (SBC-nZVI) for the adsorption of Se(IV) in wastewater. The relationship between the 
adsorption of Se(IV) by SBC-nZVI and the dosage of SBC-nZVI, the concentration of Se(IV), the 
initial pH and final pH of Se(IV) solution, and the types and concentrations of ions in the solu-
tion were studied. The study found that the initial pH had little effect on the final removal rate, 
but had a greater impact on the adsorption rate; the pH of the solution after adsorption could be 
maintained between 3–3.5, which was beneficial to increase the adsorption rate; changing the ion 
concentration had little effect on adsorption, The ion type had a greater influence. There were 
both chemical adsorption and physical adsorption in the adsorption process. There were chemi-
cal adsorption and physical adsorption processes at the same time in the adsorption process. The 
high concentration of Ca2+ would hinder the membrane diffusion process, and the high concen-
tration of Mg2+ would hinder the internal diffusion process, but the reaction rate did not signifi-
cantly decrease under the experimental conditions. Experiments had proved that biochar loaded 
with nZVI could effectively adsorb Se(IV) in wastewater under various conditions, indicating 
that it was feasible to use SBC-nZVI for Se(IV) adsorption.
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1. Introduction

Selenium is an important trace element required by 
organisms and participates in many important physi-
ological processes of organisms. Low concentration of 
selenium is beneficial to human health [1]. However, sele-
nium is widely used in metallurgy, glass manufacturing, 
agriculture, chemical and other industries [2]. The dis-
charge of wastewater causes the concentration of selenium 
in the water body to increase. The pollution of surface 
water and groundwater by high concentration selenium 

has become a global problem [3], it also threatens human 
health. The selenium element in nature exists in various 
valence states, and the specific forms are elemental sele-
nium (Se0), selenide (Se2–), selenite(Se(IV)), and selenite 
(Se(VI)). According to the US EPA (FRL-5649-7) report, the 
acute toxicity of Se(IV) is almost 10 times that of Se(VI) [4]. 
Therefore, it is urgent to develop a treatment technology 
that effectively removes Se(IV).

A variety of methods can be used for the treatment of 
Se(IV) in wastewater, including chemical reduction, phys-
ical adsorption, membrane separation, flocculation and 
neutralization sedimentation, and biological treatment 
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or a combination of multiple technologies [5]. Among 
them, zero-valent iron (nZVI) is widely used as a reduc-
ing agent for Se(IV) in wastewater due to its advantages of 
strong reducing ability, high efficiency of removing heavy 
metal pollutants, simple process and low operating cost. 
However, there are some obvious defects in the process 
of removing pollutants by nZVI: (i) Highly active nZVI 
is easily oxidized by air to form an oxide film, which hin-
ders its contact with pollutants. (ii) Due to the high surface 
energy and intrinsic magnetic force, nZVI particles tend to 
aggregate into micron-level or larger particles, seriously 
reducing their reactivity [6]. To solve these problems, the 
researchers used a variety of materials to support nZVI par-
ticles, such as: bentonite, chitosan, kaolinite, mesoporous 
silica, etc. [7]. Compared with these materials, biochar has 
many obvious advantages. For example: (i) Biochar has a 
wide source, low cost, and is easy to recycle. (ii) Biochar 
has a large specific surface area and rich pore structure, 
which can disperse and stabilize nZVI particles [8], which 
is beneficial to reduce aggregation. (iii) Biochar itself is 
rich in functional groups and has a certain adsorption 
capacity for Se(IV) [9]. Previous studies have shown that 
biochar loaded with zero-valent iron (BC-nZVI) can effec-
tively remove various pollutants in wastewater, includ-
ing arsenate [10,11], selenate, selenite [12], Cr(VI) [13] 
and so on. Shang et al. [14] used herb residue biochar to 
load nZVI to remove Cr(VI) at a rate of up to 98.71%, and 
maintain its high efficiency in wastewater with high con-
centration of SO4

2– and HA. Zhou et al. [15] found that by 
loading biochar onto nZVI, the composite material showed 
adsorption of heavy metals (Pb(II), Cr(VI) and As(V)), phos-
phate (P) and methylene blue (MB) ability enhancement. 
Therefore, the use of biochar loaded with zero-valent iron 
shows great potential for the removal of pollutants in the  
environment.

So far, nZVI removal of Se(IV) in wastewater has shown 
that pH is one of the most important factors affecting the 
removal efficiency. As the pH of the solution increases, the 
rate of nZVI removal of various pollutants in wastewa-
ter decreases [16,17]. When the pH is low, the enhanced 
reactivity of nZVI is caused by the acceleration of iron 
corrosion and the dissolution of the passivation film on 
the surface of nZVI, while at high pH, the reactivity of 
nZVI is reduced due to the formation of a precipitate, 
thereby inhibiting mass transfer [18]. Xia et al. [2] found 
that under acidic conditions, most of the nZVI is oxidized 
into Fe3O4 and amorphous FeOOH, while under alkaline 
conditions, the corrosion products are mainly Fe(OH)2 
and some Fe3O4. As can be seen from the above, pH may 
greatly affect the corrosion rate of nZVI and the conver-
sion of iron (hydrogen) oxides. However, the nature of 
BC-nZVI and nZVI are very different. At present, there is 
a lack of research on the effect of pH on BC-nZVI. At the 
same time, due to the difference in the ratio of the adsor-
bent to the solution, whether the different pH conclusions 
are due to the change in the pH and acidity of the adsor-
bent. Therefore, the study of pH value has important guid-
ing significance for the removal of Se(IV) in wastewater 
and the determination of the removal mechanism.

Similarly, various ions (including cations and inor-
ganic anions) present in the wastewater may have an 

effect on the adsorption performance of nZVI. Dong et 
al. [19] tested the effect of some anions on the removal 
of selenate (Se(VI)) in water by zero-valent iron, and 
found that the inhibitory effect increased in the order of 
Cl− < NO3

− < HCO3
− < SO4

2–; in addition, nZVI removal Se(VI) 
also depends on the ion concentration. Previous studies 
have shown that SO4

2– and PO4
2– will increase the removal 

rate of Se(VI) by nZVI at low concentrations, and decrease 
the removal rate at high concentrations [20]. Anions may 
inhibit the interaction between nZVI and pollutants by 
competing for active sites with pollutants, and the effects 
of different kinds of ions may vary greatly. In general, the 
influence of cations is different from anions. Tan et al. [12] 
found that the presence of K+, Ca2+, and Mg2+ can enhance 
the ability of BC-nZVI to remove Se(IV) by reducing elec-
trostatic repulsion. However, another study found that the 
presence of Ca2+ and Na+ can cause the agglomeration of 
nZVI particles, which in turn reduces the removal rate of 
contaminants [21]. The impact of cations on the removal 
of pollutants by nZVI is somewhat controversial. In addi-
tion, compared with the research on the use of nZVI 
to remove selenium in water, the research is less on the 
removal of selenium by nZVI iron on biochar supported 
by cations in water, the mechanism of ions may be more 
complicated. Therefore, it is necessary to explore the effect 
of different concentrations of cations in the environment 
on the efficiency of BC-nZVI removal of Se(IV).

Therefore, based on the above analysis, the main objec-
tives of this study are: (1). To study the effect of differ-
ent initial and final pH values on the removal of Se(IV) by 
BC-nZVI. (2). Study the effect of different concentrations 
of Ca2+ and Mg2+ on the removal of Se(IV) by BC-nZVI. 
(3). According to the kinetic model, study the behavior 
characteristics of BC-nZVI to remove Se(IV).

2. Materials and method

2.1. Materials and preparation

Sawdust is sold online, washed with ultrapure water, 
dried in a constant temperature blast dryer (DHG-
9243BS, Shanghai Xinmiao Medical Device Manufacturing 
Company), and then crushed with a crusher (Q-300B, 
Shanghai Bingdu Electric Co., Ltd.) Through a 60 mesh and 
200 mesh sieve, take 200 to 60 mesh sawdust Sodium sele-
nite (Na2SeO3), ferric chloride hexahydrate (FeCl3·6H2O), 
anhydrous calcium chloride (CaCl2), magnesium chloride 
hexahydrate (MgCl2·6H2O), Chemical reagents such as 
potassium bromide KBr and hydrochloric acid (HCl) come 
from Sinopharm Group. All medicines are analytically pure, 
and the solution was prepared with ultrapure water.

In the experiment, pyrolysis method was used to pre-
pare nZVI coated with biomass char. Weight 13.5150 g of 
ferric chloride hexahydrate dissolved in 800 mL of ultra-
pure water, stir to dissolve, then weight 20 g of wood chips 
into the solution to immerse and stir with a stirrer for 24 h. 
The mixture was placed in an oven at 105oC for 48 h and then 
taken out. It was crushed using an agate mortar to obtain 
Fe3+ impregnated sawdust. Finally, the sawdust impreg-
nated Fe3+ were mixed evenly and placed in a tube furnace. 
The nitrogen gas was continuously fed and kept at a constant 
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temperature of 600°C for 2 h. The sample was naturally 
cooled to room temperature under continuous nitrogen gas 
flow. Sawdust biochar loaded with nano-zero-valent iron 
(SBC-nZVI) was obtained. The weighing results of several 
batches of SBC-nZVI indicate that the yield is 40%–50%.

2.2. Batch experiment operation

In the experiment, the wastewater environment was 
simulated concentrated, high-concentration ion wet power 
plant desulfurization wastewater, and sodium selenite was 
used as the typical form of Se. Weigh a certain amount of 
Na2SeO3 powder and dissolve in a certain amount of ultra-
pure water, and at the same time weigh a certain amount 
of metal salt in a small amount of ultrapure water, add to 
a volumetric flask to make a volume, use HCl to adjust 
the pH to a set value to obtain a sodium selenite solution 
that meets the experimental requirements. Weigh a certain 
amount of SBC-nZVI into a 50 mL centrifuge tube, add the 
pre-configured sodium selenite solution, and all the exper-
iments in this paper were performed under shaking at a 
constant temperature of 25°C and 300 rpm. After a period 
of reaction, a sample was taken into a centrifuge for sepa-
ration (TD25WS Changsha Xiangzhi Centrifuge Instrument 
Company), and the supernatant was taken to determine 
the total Se(IV) concentration. In order to ensure that the 
experimental conditions are basically the same, the sodium 
selenite solution used each time is newly prepared; before 
the experiment starts, the water bath shaker is turned on, 
adjusted to the set temperature, and then the sample and 
the solution are mixed. The removal efficiency (R (%)) 
and the adsorption capacity (qe) of SBC-nZVI for Se(IV) 
are calculated according to the following formula:

q
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Among them, C0, Ct and Ce are the initial concentration of 
the solution, the concentration at time t and the concentra-
tion of the solution at the time of adsorption equilibrium 
(mg/L), V is the solution volume (L), and M is the mass of 
the adsorbent added (g).

In order to explore the influence of different Se(IV) con-
centrations on the adsorption experiment, 3 g/L SBC-nZVI 
was added into plastic bottles containing 50 mL of Se(IV) 
solution with initial concentration of 10, 20, 30, 40 and 
50 mg/L, respectively. The shaking adsorption was carried 
out at 300 rpm and 25°C. After 2 h, took a sample and cen-
trifuge and took the supernatant to determine the remain-
ing Se(IV) in the solution to determine the best adsorbent 
dosage. In order to explore the effect of different adsorbent 
dosages on the adsorption experiment, the initial dosages 
of SBC-nZVI of 1, 2, 3, 4 and 5 g/L were added in a plastic 
bottle with a 50 mL Se(IV) solution (40 mg/L, unadjusted 
pH), shake and adsorb at 300 rpm and 25°C. Sample and 
centrifuge at regular intervals and take the supernatant 

to measure the residual Se(IV) in the solution. In order to 
explore the effect of the initial pH of different solutions on 
the adsorption of Se(IV), the pH of the selenium solution 
with Se(IV) concentration of 40 mg/L was adjusted to 4, 5, 
6, and 7 using hydrochloric acid, respectively. Then add 
3 g/L of SBC-nZVI to a plastic bottle containing 50 mL of 
Se(IV) solution (40 mg/L), shake and adsorbed at 300 rpm, 
25°C, sample and centrifuge at regular intervals and take 
the supernatant to measure the remaining Se(IV) in the 
solution to determine the optimal initial pH of the solu-
tion. In order to explore the effect of different concentra-
tions and different types of cations on the adsorption of 
Se(IV), the concentrations of Ca2+ and Mg2+ in the experi-
ment were adjusted to 2,000; 4,000 and 6,000 mg/L using 
anhydrous CaCl2, MgCl2·6H2O, respectively. And set up 
a group of control groups without adding Ca2+ and Mg2+, 
respectively. The Se(IV) concentration of the selenium solu-
tion is 40 mg/L, and the pH is adjusted to 6 using hydro-
chloric acid. Add 3 g/L of SBC-nZVI to a plastic bottle con-
taining 50 mL of Se(IV) solution (40 mg/L, pH = 6), shake 
and adsorb at 300 rpm, 25°C, and sample and centrifuge at 
regular intervals And take the supernatant to measure the  
remaining Se(IV) in the solution.

2.3. Analytical method

In the study, a Fourier infrared spectrometer (Nicolet 
iS50 Thermo Fisher Scientific) was used to analyze the sur-
face functional groups of the SBC-nZVI samples before 
and after the reaction. The sample is made by tableting 
method. Before preparation, the SBC-nZVI samples before 
and after the reaction and the KBr as the background were 
ground and crushed in an agate mortar, and then fully 
dried in an oven at 100°C. Take 5 mg of sample and KBr 
in a ratio of 1:80, and then place it on the tablet press to 
maintain the pressure of 20 MPa for 30 s, and finally get 
a tablet sample. In the study, an atomic absorption spec-
trophotometer (AA-6880F/AAC Shimadzu Instruments 
(Suzhou) Co., Ltd.) was used to determine the concen-
tration of Se(IV) in the solution. The test method is the 
flame method, which used acetylene and air to burn to 
produce a flame. The acetylene flow rate is 3.7 L/min, 
the lamp current is 23 mA, the wavelength is 196.0 nm, 
the burner height is 15 mm, and the slit width is 0.5 nm. 
The as adsorbed SBC-nZVI at 25°C, 40 mg/L Se(IV), pH = 6, 
with additional addition of 4,000 mg/L Ca2+ and Mg2+ were 
collected and denoted as SBC-nZVI-Se, SBC-nZVI-Se/Ca 
with SBC-nZVI-Se/Mg, respectively. Another small amount 
of SBC-nZVI as received sample, which was quickly rinsed 
with deionized water, filtered and oven dried at 105°C 
along with the three chars, was used to perform the char  
properties tests.

2.4. Adsorption isotherm

The following four isotherm models were fitted and 
analyzed for the process of Se(IV) adsorption by SBC-nZVI:

Langmuir isotherm:

C
q K q

C
q

e

e L m

e

m

� �
1  (3)
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Freundlich isotherm:

ln lnq K
n
Ce F e� �

1  (4)

Temkin isotherm:
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D–R adsorption isotherm equation:
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where qm (mg/g) is the maximum adsorption amount, Ce 
(mg/L) is the equilibrium concentration, qe (mg/g) is the 
equilibrium adsorption amount of the adsorbate, KL (L/mg) 
is the Langmuir bonding term related to the interaction 
energies, KF (L/mg) is the Freundlich model affinity coef-
ficient and n is the Freundlich linear constant. KT (L/mg) 
is the adsorption equilibrium constant, BT is the Temkin 
constant, and RT/BT (J/mol) is related to the heat of adsorp-
tion, β (mol2/kJ2) and ε are the Dubinin–Radushkevich 
(D–R) isotherm constants.

2.5. Adsorption thermodynamics

The thermodynamic parameters of the reaction were 
calculated to explore its thermodynamic characteristics 
using the following equation:
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where T is kelvin temperature (K), R is the gas constant 
(8.314 J/mol K), and Ke

0 is the thermodynamic equilibrium 
constant calculated from Eq. (9) [23]. γ is the coefficient 
of activity, [adsorbate]0 is the standard concentration of 
adsorbate (1 mol/L), and Kg is the K in the best fit isotherm 
model. ΔG° is calculated from Eq. (7), and the ΔH° and 
ΔS° can be calculated by plotting the lnKe

0 and 1/T as the 
figure showed.

2.6. Adsorption kinetics

The experimental conditions of adsorption kinetics were 
the same as the experimental conditions above. The pseu-
do-first order and (PFO) the pseudo-second order (PSO) 
were used to fit them respectively. According to the fitting 
degree R2, the equation with good fitting degree could 
be regarded as the kinetic equation for Se(IV) removal by 
SBC-nZVI. The intra-particle diffusion (IPD) and film dif-
fusion (FD) were also used to fit the data to determine 
the changes in the reaction stage.

Pseudo-first order:

log log
.

q q q
K

te t e
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2 303
 (12)

Pseudo-second order:

t
q K q q

t
t s e e

� �
1 1

2  (13)

Intra-particle diffusion:

q K t ct i i� �1 2/  (14)

Film diffusion:

F Bt� �
�

�
�

�

�
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Among them, qe (mg/g) and qt (mg/g) are the adsorption 
amount of adsorbent to Se(IV) at adsorption equilibrium 
and adsorption time t; Kf (min–1), Ks (g/(mg min)) and Ki (mg/
(g min0.5)) represent pseudo-first order and pseudo-second 
order parameters; ci is the intercept related to the bound-
ary layer; F is the fraction of equilibrium adsorption capac-
ity at time t and Bt is a mathematical function of F.

Eq. (13) can be deformed as:

B Ft � � � �� �0 4977 1. ln  (16)

F is calculated as:

F
q
q
t

e

=  (17)

3. Results and discussions

3.1. Effect of selenium concentration on adsorption characteristic

It can be seen from Fig. 1 that the dosage of 3 g/L has 
a higher adsorption rate for solutions with Se(IV) con-
centrations of 10–50 mg/L, of which the removal rate of 
40 mg/L highest. When the concentration of Se(IV) is less 
than 40 mg/L, the removal rate increases with the increase 
of selenium concentration, which is inconsistent with the 
experimental results of Lv et al. [22]. After the reaction, 
the final Se(IV) concentration of the diluted solutions of 
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various concentrations was measured to be 1.5–3 mg/L. 
It is speculated that the Se(IV) concentration may be 
reduced to a concentration where SBC-nZVI cannot work 
at 2 h, and the initial concentration increased, calculated 
by the formula, which showed the removal rate contin-
ues to increase. For a 50 mg/L Se(IV) solution, the removal 
rate decreased at this concentration. This was because as 
the concentration of Se(IV) in the solution increases, the 
competition between Se(IV) increases, and the dosage of 
SBC-nZVI is constant, and the reactive sites on the surface 
are limited, resulting in a decrease in the final removal 
rate. Previous studies showed that the main mechanism 
of nZVI removal of Se(IV) [23,24].

2 6 2 30
3
2 2 0Fe SeO H Fe Se H O2+ + → + ↓ +− + +  (18)

The generated Fe2+ may continue to react with the cor-
responding oxidizing pollutants to be further oxidized to 
Fe3+ [25]. Since Na2SeO3 itself is alkaline, as the concentra-
tion of Se(IV) increases, the pH of the solution increases, 
and part of Fe3+ forms a precipitate, resulting in a decrease 
in the concentration of Fe3+. In general, due to the con-
sumption of H+ in the solution, the pH of the solution 
should increase. However, after the nZVI reaction was 
supported by biochar in this experiment, the pH of solu-
tion was maintained at 3–3.5, which may be caused by 
the hydrolysis of Fe3+ and Fe2+. Importantly, lower pH is 
very advantageous for nZVI to remove Se(IV). Previous 
studies found that lower pH would reduce the thickness 
of the oxide layer on the surface of nZVI and promote the 
release of Fe2+ [2]. The resulting Fe2+ adsorbed on the sur-
face of nZVI or was released into the solution. The Fe(II) 
ions absorbed in the surface structure increase the electri-
cal conductivity of the surface oxide layer and reduce the 
electron transfer barrier on the corroded coating, thereby 
significantly enhancing the electron transfer [26], and thus 
promoting Se(IV)-Fe0 reaction. Xu et al. [27] found that 
Fe(II) dissolved in solution played an important role in acti-
vating nZVI as the main electron donor for reducing Se(IV), 
indicating that more Fe2+ produced under acidic conditions 

was helpful to the removal of Se(IV) by SBC-nZVI. In 
addition, the corrosion products formed under acidic 
conditions are Fe3O4 and amorphous FeOOH [2]. These 
corrosion products could not only act as intermediates for 
electron transfer, but also provided more reaction/adsorp-
tion sites for Se(IV) adsorption and reduction. Therefore, 
the acidic environment formed by biochar loaded with 
nZVI had a very important role in promoting the removal  
of Se(IV).

3.2. Effect of adsorption parameters on the adsorption effect 
of Se(IV) in solution

As can be seen from Fig. 2a, when the amount of adsor-
bent was less than 3 g/L, the removal efficiency increased 
significantly with the increase of adsorbent. According 
to previous reports, the mechanism of biochar loaded 
with zero-valent iron to remove Se(IV) in water mainly 
includes reduction, adsorption and co-precipitation [28]. 
The increase of SBC-nZVI provides more active sites for 
Se(IV) attachment. The enhanced adsorption of biochar 
and the reduction of zero-valent iron results in a faster 
removal rate of Se(IV). When the amount of SBC-nZVI 
was further increased, the removal rate of Se(IV) did not 
continue to increase or even slightly decreased. This is 
because the accumulation of biochar restricted the expo-
sure of surface sites, resulting in the removal efficiency no 
longer increasing. Therefore, according to the removal rate 
and removal efficiency shown in the figure, the dosage of 
subsequent experiments was set to 3 g/L.

It can be seen from Fig. 2b that when the pH is less than 
7, the final removal rate of Se(IV) is equal for all groups 
when they are in equilibrium, reaching more than 90%, 
which indicates that SBC-nZVI is used to remove Se(IV) 
from wastewater great potential. Before reaching equilib-
rium, as the pH increases, the reaction rate decreases, which 
is consistent with previous conclusions [2,17]. According 
to Eq. (6), the pH is lowered, the promotion effect of the 
reaction is enhanced, the rate of reduction of Se(IV) by 
Fe0 is accelerated, and the Fe2+ generated at the same time 
is increased, and the presence of Fe2+ can enhance the 
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Fig. 1. Effects of SBC on the removal rate and solution characteristics of Se(IV) in Se(IV) solution.
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electron transport ability [27], which promote the reduc-
tion of Se(IV). In addition, due to the higher H+ concentra-
tion, the reduction potential of Fe/Fe2+ increases, resulting 
in higher activity of nZVI particles [29]. In addition, the 
increased pH may cause the formation of ferrous hydrox-
ide and precipitate on the surface of nZVI, blocking the 
reaction site, thus reducing the overall reaction rate [21]. 
However, it was interesting that the final removal rate of 
Se(IV) at different pH was comparable, possibly due to the 
removal of Se(IV) by biochar through adsorption, thereby 
reducing the difference in removal rate of Se(IV) at differ-
ent pH [12]. According to previous reports, the pKa1 and 
pKa2 of H2SeO3 are 2.62 and 8.23, respectively, so when the 
pH was less than 8, the main form of selenium was HSeO3

–. 
Since the pH range of the entire experiment (4–7) was less 
than the pHpzc of biochar, the surface of biochar was posi-
tively charged. There was a strong electrostatic attraction 
between positively charged biochar and negatively charged 
HSeO3

–, resulting in a high adsorption capacity when the 
pH was less than 7. Considering that the desulfurization 
wastewater was mostly weakly acidic, the pH of the sele-
nium solution was adjusted to 6 in subsequent experiments  
on cations.

3.3. Effect of cation in sewage on Se(IV) adsorption in solution

It can be seen from Fig. 3a that the Ca2+ set in the exper-
iment had not much effect on the removal of Se(IV) in water 
by SBC-nZVI. The removal rate was basically the same in 
the first period of time, and the final removal rate of the 
reaction might be slightly reduced only in the late period 
of the reaction, indicating that the presence of Ca2+ had a 
certain inhibitory effect on the removal of Se(IV) in water 
by SBC-nZVI. Studies had shown that the presence of Ca2+ 
can lead to the agglomeration of nZVI particles [30,31] or 
occupy active sites on nZVI surface [21]. Compared with 
previous studies [22,32,33], the inhibitory effect of Ca2+ 
on SBC-nZVI in this experiment was negligible. This was 
due to biochar loading, which could reduce this aggrega-
tion. At the same time, biochar is positively charged in this 
environment, and electrostatic repulsion with Ca2+ pre-
vents Ca2+ from occupying the active site of nZVI, result-
ing in insignificant reduction in removal efficiency. It can 
be seen that SBC-nZVI-Se/Ca overcomes the interference 
of Ca2+ and ensures the normal progress of the reaction.

It can be seen from Fig. 3b that the rate of removal of 
Se(IV) is highest in the group of samples without Mg2+ 
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Fig. 3. The effect of cations in the solution on the removal of Se(IV): (a) Ca2+ and (b) Mg2+.
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addition, while the removal rate of the three groups of Mg2+ 
added are decreased. Therefore, it can be considered that 
Mg2+ generally has an inhibitory effect on the removal of 
Se(IV) from SBC-nZVI in water. This may be due to Mg2+ 
competing for the binding site of SBC-nZVI [22]. Compared 
with other experiments, the removal rate under the action 
of Mg2+ in this experiment was only reduced by about 
10%, which is far less than the inhibitory effect of Mg2+ in 
other experiments [32,34]. Therefore, it can be concluded 
that the loading of biochar can alleviate the inhibitory 
effect of Mg2+ on nZVI. Compared with the previous set 
of experiments, it can be seen that the inhibition effect of 
Mg2+ is more obvious than that of Ca2+ with the same con-
centration. This may be because Mg2+ in aqueous solution 
is easier to precipitate as hydroxide than Ca2+, and the 
hydroxide coated on the surface of nZVI greatly limits its 
reactivity [34]. It is worth noting that as the Ca2+ and Mg2+ 
concentrations continue to increase, the final removal rate 
of Se(IV) remains basically unchanged. The results show 
that Se(IV) and SBC-nZVI may form an inner complex, 
which is less affected by ionic strength [35,36].

3.4. Surface analysis

3.4.1. Surface functional group groups analysis

In order to explore the changes of SBC-nZVI func-
tional groups, FTIR was tested and shown in Fig. 4. There 
were several obvious characteristic peaks, located at 
666; 896; 1,396; 1,645; 1,718; 2,905 and 3,479 cm–1 respec-
tively. The characteristic peaks near 666 and 896 cm–1 
showed C–H out-of-plane bending, and SBC-nZVI-Se 
vibration was the weakest. Characteristic peaks near 
1,396 cm–1 showed in-plane bending of –OH. The char-
acteristic peak near 1,645 cm–1 showed stretching of C=C. 
The peak near 1,718 cm–1 represented the presence of 
C=O. The characteristic peak near 2,905 cm–1 was caused 
by C–H stretching, and the vibration was weak. The 
characteristic peak near 3,479 cm–1 was caused by –NH 
stretching, which demonstrated the presence of amino 
functional groups in SBC-nZVI. Therefore, it could be 

concluded that some changes in surface functional groups 
occurred before and after SBC-nZVI adsorbed Se(IV) 
and other substances. Meanwhile, a large number of 
oxygen-containing functional groups on the surface of 
SBC-nZVI provided active sites for Se(IV) removal.

3.4.2. XPS analysis

The XPS test results are shown in Figs. 5 and 6. From 
Fig. 5, the peak of Fe0 decreased from 20.30% to 8.61%, 
Fe2+ increased from 15.44% to 27.57%, and Fe3+ slightly 
decreased from 64.25% to 63.81% after adsorption Se in 
the condition of without interfering ions. It showed that 
the reaction described in Eq. (16) did take place in the 
experiment. Fe0 was oxidized to Fe2+ first, and then fur-
ther oxidized to Fe3+. In the same time, Fe0 on the surface 
of SBC-nZVI with Ca2+ and Mg2+ disappeared, and all the 
elemental iron was oxidized. Fe2+ increased to 28.23% and 
20.70%, and the proportion of Fe3+ increased to 71.77% 
and 79.30%, respectively, indicating that the added ions 
increased the rate of oxidation reaction. Fig. 6 shows that 
Se(0) (55.38–55.74 eV) and Se(IV) (58.45–58.71 eV) mainly 
existed on the surface of adsorbent after reaction, indi-
cating that direct adsorption and reduction processes 
of Se(IV) existed in the reaction. The SBC-nZVI-Se scan 
showed that Se(0) and Se(IV) accounted for 46.56% and 
53.44%, respectively, indicating that the contribution rates 
of physical adsorption and chemical reduction were almost 
equal. After Ca2+ existence, the adsorption capacity of 
Se(IV) on SBC-nZVI decreased, and the ratio of Se(0) and 
Se(IV) on the surface was 60.06% and 39.94%, respectively. 
However, no obvious peak value was detected by scanning 
Ca2p, indicating that Ca2+ were not deposited on the sur-
face of SBC-nZVI-Se/Ca. It indicated that Ca2+ may hinder 
the diffusion process of adsorbed surface film, but did not 
affect the overall reaction rate. The Se3d images of SBC-
nZVI-Se/Mg and SBC-nZVI showed little difference (Se(0) 
and Se(IV) accounted for 47.09% and 52.91% respectively), 
but the peak value of Mg2+ (1304.13 eV) appeared in the 
scanning of Mg1s, indicating the presence of Mg2+ on the 
surface. However, the removal of Se(IV) was not hindered.

3.4.3. BET specific surface area test

BET test results are shown in Table 1. In terms of spe-
cific surface area, SBC-nZVI had a large specific surface 
area and a small pore size, forming more micropores and 
mesopores. As the adsorption progressed, the pore size, 
pore volume and specific surface area of SBC-nZVI-Se 
increased. Presumably, the reason was that the adsorbed Se 
was deposited on SBC-nZVI. When Ca2+ existed in Se(IV) 
solution, it had little effect on Se(IV) adsorption. When 
Mg2+ was present in the Se(IV) solution, the attachment of 
Mg2+ on the surface of SBC-nZVI caused a rapid decrease in 
specific surface area and pore volume.

3.5. Analysis of adsorption mechanism

3.5.1. Adsorption isotherms

According to the data in Table 2 and Fig. 7, it can be 
seen that the first three models had good fitting degree. 
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Among all models, the Freundlich fitting degree (R2) was 
the highest, indicating that SBC-nZVI conforms to the 
description of the isothermal equation, indicating that the 
surface of SBC-nZVI was not uniform and there was mul-
tilayer adsorption. Langmuir adsorption model was the 
next best, and the equation showed that monolayer adsorp-
tion accounted for a certain proportion of the reaction. 
Temkin’s model was different from the previous two mod-
els in that it assumed that the adsorption energy decreased 
linearly due to surface coverage, which was more suit-
able for explaining the chemisorption process, and the 
described chemisorption process was generally regarded 
as electrostatic interaction [37].

For Langmuir equation, the degree of difficulty of 
adsorption reaction can be determined according to the 
shape of isotherm [38]. RL = 1/(1 + C0KL) was defined as an 
invariant factor to indicate the advantage of adsorption, 
where C0 was the initial concentration of dye solution, 
when 0 < RL < 1 was the advantage of adsorption, RL > 1 
was adverse adsorption, RL = 0 was irreversible adsorption, 
and RL = 1 was linear adsorption [39]. In this experiment, 
0 < RL = 0.163107, 0.144433, 0.111057 < 1, indicating that it 

was favorable for adsorption. For Freundlich equation, 
1/n = 0.5, 0.494, 0.442 < 1, indicating that the adsorption pro-
cess was easy to occur.

3.5.2. Adsorption thermodynamic and analysis

Thermodynamic analysis results are shown in Table 3. 
Where 0 << ΔH° < 20 kJ/mol indicated that physical adsorp-
tion was involved in the adsorption process, and ΔG° < 0 
also indicated that the reaction can be spontaneous.

The analysis of isotherm model and thermodynamic 
data showed that the maximum adsorption capacity qm 
did not change much under the influence of tempera-
ture, indicating that the adsorption of Se(IV) by SBC-nZVI 
might involve a physical process. Meanwhile, Freundlich 
model had a high degree of fitting, which indicated that 
Se removal was related to physical adsorption. Langmuir 
model and Temkin model could fit the experimental data 
well, indicating that the adsorption process conformed to the 
hypothesis of the equation and was related to the chemical 
mechanism, which was consistent with the result of kinetic 
analysis. In addition, BET tests showed that there were 
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monolayer and multilayer adsorption phenomena when 
SBC-nZVI adsorbed Se(IV), suggesting that physical and 
chemical adsorption existed in the process simultaneously.

3.5.3. The adsorption kinetics

The kinetic analysis was used PFO. The fitting calcula-
tion results are shown in Table 4.

As can be seen from Table 4, under the experimental 
conditions, in all experiments, the measurement coefficient 

R2 (0.9779–0.9999) of the PSO was higher than that of the 
PFO (0.5417–0.9927). Compared with the PFO, the qe value 
calculated using the PSO was closer to the experimental 
data. Therefore, the PSO could better describe the adsorp-
tion behavior of Se(IV) on SBC-nZVI. According to previ-
ous studies, the kinetics of iron-loaded granular activated 
carbon for the removal of selenite in wastewater was also 
better suited to the PSO [40]. It showed that the removal of 
Se(IV) by SBC-nZVI was mainly controlled by the chemical 
adsorption mechanism. It could be seen from Fig. 8a and 
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Table 1
BET surface test

Characteristics Sample

SBC-nZVI SBC-nZVI-Se SBC-nZVI-Se/Ca SBC-nZVI-Se/Mg

Surface area (m2/g) 332.638 342.261 341.314 288.039
Pore volume (cm3/g) 0.159 0.169 0.170 0.144
Pore size (nm) 7.219 9.819 11.758 12.838
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Table 4 that the higher the SBC-nZVI dosage, the higher 
the K2 value of the fitted line, indicating that its removal 
rate was accelerating; but the adsorption capacity of sele-
nium per unit adsorbent decreased due to the unsatu-
rated surface active sites of the adsorbent. In contrast, 

combining the image in Fig. 8b and the data in the pH 
section of Table 4, it could be seen that a lower pH had a 
certain increase in the removal rate, but the effect was not 
obvious. Comparing the values of Ca2+ and Mg2+ in Figs. 8c, 
8d and Table 4, it could be seen that high concentration 
of Mg2+ reduces the reaction rate and the final adsorption 
rate, while high concentration of Ca2+ had little effect on the  
reaction.

Fig. 9 is the fitted image of the IPD under all conditions 
in the experiment. The curve was linear but did not pass 
the origin, indicating that the IPD was not the only rate. 
control step. According to Onal et al. [41], the nonlinearity 
of the IPD curve indicated that the adsorption process has 
multiple adsorption stages. The first stage was a rapid FD 
process, followed by a slower IPD process, during which 
Se(IV) was reduced or adsorbed on the surface or inner 

Table 2
Adsorption isotherm parameters

Model T (K)

288.15 298.15 308.15

Langmuir
qm 17.085 17.409 17.141
kL 0.128 0.148 0.2
R2 0.955 0.961 0.905

Freundlich
KF 2.956 3.264 4.076
1/n 0.5 0.494 0.442
R2 0.977 0.967 0.918

Temkin
bT 593.087 600.361 669.358
kT 1.068 1.224 1.917
R2 0.959 0.963 0.877

D–R

qm 10.916 11.41 11.158
β 2.030 × 10–6 1.600 × 10–6 7.290 × 10–7

Ea 496.04 559.017 828.18
R2 0.879 0.906 0.699
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Fig. 7. Isothermal adsorption: (a) SBC-nZVI, (b) SBC-nZVI-Se, (c) SBC-nZVI-Se/Ca, and (d) SBC-nZVI-Se/Ca.

Table 3
Adsorption thermodynamic parameters

T (K) KF 
(L/mg)

Ke
0 ΔG° 

(kJ/mol)
ΔH° 
(kJ/mol)

ΔS° 
(J/mol K)

288.15 2.956452 12.36068667 –31.507
11.783 150.017298.15 3.263891 12.45961667 –32.845

308.15 4.075608 12.68171667 –34.515
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Table 4
Reaction kinetic analysis of each group of experiments

Variable Pseudo-first-order Pseudo-second-order

qe (min/(mg/g)) K1 R2 qe (min/(mg/g)) K2 R2

SBC-nZVI (g/L) 

1 8.569 –0.02073 0.7548 14.52 0.002613 0.9779
2 9.745 –0.02169 0.9262 17.02 0.002845 0.9941
3 5.365 –0.05373 0.6968 10.75 0.01564 0.9983
4 5.678 –0.09067 0.9191 7.958 0.04131 0.9997
5 0.8106 –0.05110 0.5417 5.984 0.1115 0.9997

pH

7 7.893 –0.03351 0.9918 12.84 0.005856 0.9994
6 6.084 –0.03685 0.9890 12.17 0.009897 0.9995
5 5.495 –0.05117 0.8054 11.88 0.01554 0.9984
4 3.274 –0.03171 0.9029 11.48 0.01968 0.9998

Ca2+ (mg/L)

0 8.062 –0.02236 0.9907 13.86 0.004536 0.9975
2,000 6.931 –0.02163 0.9814 13.09 0.005518 0.9990
4,000 7.139 –0.02259 0.9773 13.14 0.005336 0.9993
6,000 7.864 –0.02784 0.9927 13.19 0.005752 0.9994

Mg2+ (mg/L)

0 8.062 –0.02236 0.9907 13.86 0.004536 0.9975
2,000 4.915 –0.02434 0.9536 12.49 0.01009 0.9999
4,000 9.165 –0.03931 0.9656 12.68 0.008002 0.9989
6,000 8.529 –0.04141 0.8887 12.62 0.009085 0.9981
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Fig. 8. Pseudo-second-order (PSO) fitting image. (a) The addition amount of SBC-nZVI, (b) pH, (c) Ca2+, and (d) Mg2+.
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surface, and finally the IPD process gradually reached equi-
librium (the third stage).

The curve is multi-linear for the removal process of 
Se(IV). In the process of adsorbing solid/liquid adsorption, 
the transport of adsorption is usually the diffusion of the 
liquid phase to the outer surface of the adsorbent (mem-
brane diffusion) and the absorption of the adsorbate into 
the internal pores of the adsorbent (internal diffusion), or 
both. Multiple linearity means that Se(IV) consists of three 
stages (except 5 g/L), and the order of rate constant is K1 
(the first stage) > K2 (the second stage) > K3 (the third stage). 
This means that the first stage is a rapid membrane diffu-
sion process, followed by a slower internal diffusion process, 
during which Se(IV) is reduced or adsorbed on the surface 
or inner surface, and finally the internal diffusion gradually 
reaches equilibrium (the three stages). With the increase of 
the dosage, the third stage line diagram of the dosage of 
3 g/L and above began to appear almost parallel, indicating 
that the dosage of SBC-nZVI here and above can already 
deal with 40 mg/L more thoroughly of selenium solution. 
This is also the reason why the dosage of 3 g/L was used 
in the previous experiment. In addition, for the two groups 
with SBC-nZVI dosages of 4 and 5 g/L, the boundaries 

between the second and third stages became blurred, and 
the fitting lines of the two stages nearly overlapped. It is 
speculated that With the increase of the dosage, the Se(IV) 
per unit area treatment is less, the membrane diffusion rate 
was lower (unsaturated), and the reactants entering the sec-
ond stage were reduced, so that the internal diffusion pro-
cess was no longer the part that limited the overall reaction 
rate. It could be seen from Fig. 6b that the reaction rate of 
each stage of the four groups accelerated with the decrease 
of pH, indicating that the acidic environment was conducive 
to the rapid removal of Se(IV) in water by SBC-nZVI.

Figs. 9c and d were the fitting images of the IPD of the 
experiment to study the effects of Ca2+ and Mg2+, respec-
tively. It could be seen from the figure that these two reac-
tions were also divided into the three stages described above. 
For Ca2+ (Fig. 9c), the mass transfer effect of the reaction 
was slightly affected and slightly reduced. XPS analysis 
showed that Ca2+ might occupy the active adsorption site 
in FD stage and hindered the adsorption from FD stage to 
IPD stage. However, due to the slow IPD process, the final 
adsorption effect was not significantly affected. The high 
concentration of Mg2+ ions affected the final IPD process to 
some extent, which was consistent with the BET test results. 
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Fig. 9. The intraparticle diffusion (IPD) fitting image. (a) The addition amount of SBC-nZVI, (b) pH, (c) Ca2+, and (d) Mg2+.
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However, due to the excellent adsorption performance of 
SBC-nZVI, the final adsorption effect did not change much.

Considering the film diffusion process, the mechanism 
were also were fitted by FD model, and the results are shown 
in Fig. 10. When the fitted line was a straight line and past 
the origin, it indicated that the adsorption rate was subject 
to intra particle diffusion, otherwise the membrane diffusion 
was the rate limiting step [42]. It could be seen that the fit-
ting line in the case of Ca2+ addition was to go as a straight 
line through the origin, and the remaining several sets of 
reactions basically consisted of two stages, but the first stage 
fitting line also basically passed through the origin or close 
to the origin, indicating that membrane diffusion hardly 
became the rate limiting step of this reaction. For different 
loadings, either too high or too low amounts shifted the fit-
ted line of the first phase away from the origin, indicating 
that membrane diffusion was the rate limiting step at this 
time, presumably as too high dosing caused the Se(IV) con-
centration to drop rapidly and the reactions occurring on 
the membrane layer to decrease rapidly when conditioned 
by reactants for very short periods of time; The large devi-
ation of the fitted line from the origin at pH = 4 for differ-
ent pH presumably resulted from the competition between 
H+ and Se(IV) in the acidic environment, making mem-
brane diffusion the rate limiting step. For the two groups 
with cations added, the fitted line almost concentrated 

through the origin, indicating that membrane diffusion 
was not the rate limiting step, the appeared hindered phe-
nomenon in adsorption occurred in the inner diffusion 
phase, which is consistent with the previous conclusion.

4. Conclusions

A zero-valent iron adsorbent loaded with sawdust bio-
char was prepared and used in the adsorption experiment 
of Se(IV). The results show that SBC-nZVI has a strong 
adsorption performance for Se(IV) in a wide pH range, 
which enables SBC-nZVI to effectively remove Se(IV) under 
various conditions. During the reaction, a lower pH was 
formed in the solution, which significantly promoted the 
removal of Se(IV) by SBC-nZVI. Appropriate dosage and 
a weakly acidic environment are conducive to the rapid 
occurrence of the membrane diffusion reaction of SBC-nZVI 
adsorbing Se(IV) and accelerating the reaction. The pro-
cess of SBC-nZVI adsorbing Se(IV) had both physical and 
chemical adsorption processes, which was a complex pro-
cess of interaction between two adsorption methods. High 
concentration of Ca2+ and low concentration of Mg2+ would 
accelerate the oxidation of elemental iron, and high concen-
tration of Ca2+ would affect the membrane diffusion step, 
high concentration of Mg2+ would be deposited on SBC-
nZVI, Affect the internal diffusion process, but under the 
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Fig. 10. The film diffusion (FD) model fitting image. (a) The addition amount of SBC-nZVI, (b) pH, (c) Ca2+, and (d) Mg2+.
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test conditions, the two ions would not significantly reduce 
the Se(IV) removal efficiency of SBC-nZVI. Therefore, 
SBC-nZVI had the potential to be a good adsorbent for 
removing Se(IV) from aqueous solutions.
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